when coupled with ion chromatography was 0.014 ppbv with a 30-min successive analysis sequence.
The chromatomembrane cell (CMC) was proposed for the transfer of analytes from one phase to another. It has been proved to be a very useful device for sample pretreatment, such as on-line preconcentration by liquid-liquid extraction, 27, 28 continuous gas-liquid extraction, 29, 30 and the transfer of gaseous substances into liquids. [31] [32] [33] [34] [35] [36] Recently, Wei et al. succeeded in developing the FI system coupled with the CMC for the determination of nitrogen dioxide in the atmosphere. [32] [33] [34] In this work, an FI system coupled with the three-hole CMC for the determination of SO2 in air samples was investigated and applied to the determination of SO2 in air.
Experimental

Apparatus
A flow diagram of flow injection analysis (FIA) system coupled with a three-hole CMC is shown in Fig. 1 . A doubleplunger pump (SRX3400T; Sanuki Kogyo, Japan), P1, was used for propelling a reagent (RS) and a carrier (CS) solution and carrying the SO2 absorbing solution in the CMC to a carrier stream. A peristaltic pump, P2, was used for pumping the absorbing solution into the CMC. A syringe-type pump (210P; KD Scientific, USA), P3, was used for introducing an adequate volume of air samples into the CMC at a given flow rate. Two six-way valves (DM 2M-1016; Sanuki Kogyo, Japan), V1 and V2, were used for injecting standard sodium sulfite solutions and introducing the absorbing solution into the CMC or the carrier solution through the CMC into the carrier stream. PTFE tubing (0.5 mm i.d.) was used for flow lines. The absorbance was measured at 550 nm by a visible detector (S-3250; Soma, Japan) with a 10 mm micro flow-through cell (8 µl). The peak area and peak height were recorded with an integrator (D-2500; Hitachi, Japan). The CMC was assembled with a biporous PTFE block and a piece of hydrophobic PTFE membrane filter (Advantec T020A090C, pore size 0.2 µm; Toyo Roshi, Japan) in the same way as in the previous work.
32-34
Reagents
All chemicals used in this work were of analytical reagent grade, and water purified with a Milli Q Labo (Millipore) was used for preparing the solutions. Triethanolamine (TEA) solution, 2 g l -1 , which was used as an absorbing (AS) and a carrier (CS) solution, was freshly prepared by dissolving 1 g of TEA in 500 ml of purified water. The chromogenic reagent solution, RS, was prepared by mixing 1 × 10 -3 M pararosaniline and 2.5 × 10 -2 M formaldehyde and diluted hydrochloric acid to give adequate concentrations and pH. A pararosaniline stock solution was prepared by dissolving 0.0324 g of pararosaniline hydrochloride in purified water and diluted with purified water to 100 ml to give 1 × 10 -3 M. A 1 × 10 -2 M stock standard solution of sodium sulfite was prepared daily by weighing 0.126 g of sodium sulfite, dissolving in purified water and diluting to 100 ml. The working standards were prepared from the stock standard solution by accurate dilution with 5 g l -1 TEA solution to give a 2 g l -1 TEA solution.
Batch-wise method for the determination of SO2 in air sample
The collection of SO2 from air samples into an absorbing solution was investigated as follows. Air samples were sucked through a separating funnel (260 ml) for about 2 min in order to sufficiently exchange air in the separating funnel with a given air sample. Then, 2 ml of an absorbing solution was added into each separating funnel, which was shaken vigorously for 3 min by hand.
After shaking, the absorbing solutions were introduced into the FIA system for sulfite determination.
A diagram of the flow injection system used in this work is shown in Fig. 1 : only the flow injection system was used. The pump P1 was used for propelling a carrier and reagent solutions. In the proposed method, the flow rate of the carrier and of the reagent solution was 0.2 ml min -1 . A six-way valve with a sample loop (300 µl) was used to inject sample solutions into the carrier stream, which merged with a reagent stream. Absorbance changes of the reaction product were recorded by the visible detector (550 nm). The flow signals were recorded with an integrator.
On-line absorption/collection flow injection method for the determination of SO2 in air sample
As shown in Fig. 1 , the FIA system coupling the absorption/concentration system with the three-hole CMC was assembled for SO2 determination. When the flow system was ready, the pump P2 was started and the absorbing solution was propelled into the CMC at the flow rate of 0.5 ml min -1 . After filling up the CMC, the pump P2 was stopped, and the pump P3 was started to introduce air sample into the CMC at the flow rate of 5 ml min -1
. While the air sample was introduced, the analyte (SO2) was transferred from air to the absorbing solution in the CMC; SO2 was concentrated and converted to sulfite (SO3 2-) therein. Then, the absorbing solution in the CMC was introduced into the carrier stream by turning the six-way valve V2 to an injection position. The analyte, SO3 2- , in the absorbing solution reacted with the mixed reagent during flowing in the reaction coil, and then the absorbance was recorded by the visible detector (550 nm). After the absorbance was measured, the valve V2 was turned to the load position, and the pump P3 was started again in the reverse position to introduce the SO2-free air in the syringe into the CMC at the flow rate of 15 ml min -1 : the CMC was refreshed by this procedure and could work well repeatedly. The measuring time for one sample was about 10 min, when 20 ml of air sample was used at the air flow rate of 5 ml min -1 .
Results and Discussion
Experimental variables for batchwise method
The effect of shaking time on the absorption efficiency of SO2 from air sample into the TEA solution was examined from 1 to 6 min, using 2 ml of 2 g l -1 TEA solution as an absorbing solution in the 260 ml separating funnel. The peak height became almost constant when the shaking time was longer than 3 min, which means that the SO2 from the air sample transferred to the absorbing solution completely during the shaking time of more than 3 min, because the absorbed SO2 could be converted to SO3 2-in an alkali solution. In further experiments, 4 min was selected for collecting SO2 from air.
The quantitative absorption efficiency of SO2 into 2 g l -1 TEA solution was examined by three replicates with 2 ml each of 2 g l -1 TEA solution in the 260 ml separating funnel. In the first collection procedure, the collection efficiency was more than 98%; in the second and third collection procedure with the same air sample used in the first absorption procedure, the efficiency was less than 1%. The signals obtained in the second and third procedures were almost at the background level. These results mean that SO2 in the air sample could be quantitatively absorbed in 2 ml of 2 g l -1 TEA solution in the first collection 
Experimental variables for flow injection method
The following studies were performed using the FIA manifold in Fig. 1 . After an initial assessment to select appropriate values for each parameter, optimization of the variables was carried out. The effect of flow rate in the range 0.15 to 0.25 ml min -1 was investigated. The sensitivity was increased with decreasing the flow rate. As the compromised condition, 0.20 ml min -1 was adopted in further studies.
The formaldehyde concentration was examined while pH was kept at 1.2 and the pararosaniline concentration was kept at 1.0 × 10 -5 M. The results obtained indicated that the signal intensity sharply increased until the concentration of formaldehyde reached to about 0.03 M; signal intensity began decrease when the concentration of formaldehyde was over 0.06 M. Thus, 0.04 M of formaldehyde was chosen as the optimum concentration.
When the pararosaniline concentration was increased, the signal intensity increased as well as the noise signal. In order to compromise between these two effects, the concentration of 4 × 10 -5 M was chosen.
The influence of the pH of reagent solution with hydrochloric acid was studied. The signal intensity increased with the increase in pH until 1.5. At pH 1.65, the peak height became negative. Hence, pH at about 1.2 -1.3 was chosen for further studies.
The influences of mixing coil length and temperature were examined with the optimum reagent composition. The mixing coil length studied was in the range 100 to 260 cm. The increase in mixing coil length increased the peak height response until 200 cm, and decreased when the mixing coil length was longer than 220 cm. In addition, the reaction was independent of temperature from 25 to 45˚C. Thus, room temperature was applied in this study.
The sample injection volume of 200, 300 and 500 µl was tested under the conditions described above. The signal intensity increased with the increase in the sample volume, and it was the same with the volume of 300 and 500 µl; with the 500 µl volume, the peak became broader. Thus, a 300 µl sample volume was used in further studies.
Interferences of coexisting substances
The detection method used for the determination of sulfite with pararosaniline and formaldehyde was developed by West and Gaeke, 4 and has been used since then. This method is still in use due to its good sensitivity, simplicity and specificity. The interferences of coexisting substances are also relatively low. Besides SO2, such acid gases as NOx, SOx, CO2 and H2S, can also be absorbed in a TEA solution. Therefore, the main interferences from common anions, such as SO4 2-are 5, 0.5, 0.5, and 40 ppm (ppm = 10 -6 g/g), respectively. It was found that if all the anions were concentrated by 10-fold in TEA solution, they did not interfere with the determination of SO3 2-in the TEA solution: other coexisting gases such as acetaldehyde and formaldehyde also gave no significant effect at least at the concentrations of less than 20 ppm and 100 ppb, respectively.
On-line absorption/preconcentration of SO2 with CMC
The packing material of CMC consisted of a piece of a microporous PTFE membrane filter and a biporous PTFE block. [31] [32] [33] [34] [35] As described in the previous paper, 32-34 a polar liquid was filled in the macropores, whereas the micropores were available only for hydrophobic nonpolar liquids or gases. This is because the capillary pressure of polar liquids prevents their penetration into the micropores. In the biporous PTFE system, therefore, a microporous membrane could be as a barrier against polar liquids, while nonpolar phases passed through it. The absorption efficiency of SO2 into the aqueous TEA solution depends on the properties of the absorbing solution, the reaction surface between air and liquid, and the flow rate of air sample through biporous PTFE block. In this study, the 2 g l -1 TEA solution was used as an absorbing solution for the collection/concentration of SO2 in air sample because TEA was a weak alkali and could react with SO2 and neutralize H2SO3 to form SO3 2-, and also because the TEA solution could act as a buffer solution.
Effect of flow rate of air sample introduction on the collection/concentration for SO2 in air sample
The absorption efficiency of SO2 depends on the properties of the absorbing solution and the flow rate of air sample through CMC. Among the absorbing solutions, such as purified water, potassium hydroxide solution and TEA solution, the TEA solution were found to be the best in the absorbing efficiency of SO2. The concentration of TEA in the absorbing solution was also investigated by varying from 0.1 -2.5 g l -1
: almost constant absorption of SO2 was obtained at the concentrations of more than 1.5 g l -1
. Thus, in this work, a 2 g l -1 TEA solution was used as an absorbing solution.
The effect of the flow rate of air sample on the peak area was examined in the range 4 -10 ml min -1 , using 20 ml of air sample collected in our laboratory (indoor air). The results obtained are shown in Fig. 2 . When the flow rate of the air sample exceeded 6 ml min -1 , the peak area decreased abruptly, whereas the peak height decreased gradually with the increase of the flow rate. The data for the peak area vs. the flow rate indicate that the flow rate of the air sample was too fast to transfer the analyte efficiently from the gaseous phase to the absorbing solution. Besides, the data for the peak height vs. the flow rate support the principle of the transfer of an analyte from nonpolar media to polar media, as is shown in our previous paper. 33 At the flow rate of the air sample in the range 4 -6 ml min -1 , the peak areas obtained were almost constant, so 5 ml min -1 was chosen for further studies.
The effect of air sample volume on peak area
The effect of the air sample volume on the peak area was examined by varying the volume from 5 ml to 30 ml, keeping the flow rate of air sample at 5 ml min -1 . The peak height and peak area of the signals were plotted against the volume of the air sample as shown in Fig. 3 . The peak area increased linearly with the increase in the sample volume up to 30 ml, whereas the peak height increased linearly with the increase in the sample volume until 25 ml and then deviated from the straight line. Such phenomena support the principle described in the previous paper; [32] [33] [34] that is, when the analyte concentration of the gaseous sample was the same, the analyte concentration absorbed in the biporous PTFE membrane was the same, and the absorbed zone was changed according to the volume of the gaseous sample, which led to a constant peak height. In this work, 20 ml of the sample volume was used because enough sensitivity was available. However, a larger volume was favorable when the higher sensitivity was required.
Effect of sulfur dioxide concentration on peak area
The effects of SO2 concentration changes in air on the peak area were examined by using the air samples diluted with SO2-free nitrogen gas from a N2 cylinder. The results obtained with 20 ml of air sample volume at the flow rate of 5 ml min -1 are shown in Fig. 4 , where the peak areas of the signals were plotted against the SO2 concentration of the air sample. The peak areas of the signals were increased with the increase in the SO2 concentration in air samples in the range of 0 -25 ppbv: the absorption of SO2 gas into TEA solution in the CMC system has the same efficiency as that for the batch-wise method.
Preparation of calibration graphs
In the present FIA method, the peak height was not suitable for making calibration graphs, because fundamentally there was no linear relationship between the SO2 concentration and the peak height. Wei et al. 32, 33 showed a good relationship between the peak area and the mass of SO2 in the air sample passed through the CMC according to the law of conservation of mass, when the absorption efficiency was 100%, and they showed that the standard aqueous solution of the analyte, which was prepared by using an adequate salt of the analyte, could be used instead of the standard gas sample. The collection of SO2 in the air sample in the TEA was examined by the batch-wise method and by the CMC system, where the standard TEA aqueous solutions of Na2SO3 were used for preparing the calibration graph at the concentration range 2 -8 × 10 -7 M. The equation of the calibration graph was expressed as y = 1.79x -1.99, and the correlation coefficient was 0.9969. The correlation between the data obtained by the CMC and the batch-wise method demonstrated a good linearity and correlation (r = 0.9998). This result indicates that the aqueous standard solution of Na2SO3 can be used for the preparation of a calibration graph.
Reproducibility test and limit of detection (LOD)
The reproducibility of the proposed method was examined for the air samples diluted with SO2-free N2 gas, where the diluted samples used for the SO2 determination were 20 ml and the flow rate was 5 ml min -1 . The results obtained by 6 replications are shown in Table 1 . The average concentration of SO2 in diluted air sample was 9.48 ± 0.16 ppbv with the relative standard deviation (RSD) of 1.7%. The LOD for the determination of SO2 in the air sample, which was defined as the concentration corresponding to three times of standard deviation (SD) of the diluted air sample signals, was 0.5 ppb. The LOD of the proposed method could be lowered by increasing the sample volume passing through the CMC.
Application of the proposed method to real samples
The proposed method was applied to the determination of SO2 in the air samples, using 20 ml of air with the flow rate of 5 ml min -1 . The results were compared with those obtained by the batch-wise method using 260 ml of air samples as shown in Table 2 . The analytical results obtained by the proposed system were in good agreement with those obtained by the batch-wise method. The proposed method was also applied for the determination of SO2 in air as real-time monitoring. The outdoor air samples were sampled on 2 different days and collected into plastic syringes and were analyzed in the laboratory within 5 min. The results obtained are shown in Fig.  5 . The fluctuation of the SO2 concentrations was observed, depending on the sunshine and the amounts of exhaust gas emitted by cars. The larger amounts of exhaust gas are, the higher the SO2 concentrations became: the highest concentration at 13:00 might be caused by large emission amounts of exhaust gas, and the sunshine may convert SO2 to SO3. Reasonable trends for NOx are shown in the reference. 36 
Conclusion
In the present work, a simple, rapid and sensitive FI system for the determination of SO2 in air was developed, where the FI system was coupled with a three-hole chromatomembrane cell (CMC). The sodium sulfite aqueous solutions could be used as the standard solutions to prepare the calibration graph, which was very useful and convenient for the practical analysis because the standard SO2 gas was not required. The LOD estimated by using 20 ml of indoor air was 0.5 ppb. 
